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(57) ABSTRACT 

Methods of efficiently and accurately heating a semiconduc 
tor device in a standard (i.e. room temperature) handler are 
provided. In one embodiment, an infrared light source can 
be focused on the device to heat its chip. In another 
embodiment, the substrate diode in the device can be for 
ward biased to heat the chip. Advantageously, the forward 
voltage of the substrate diode has a direct relationship with 
chip temperature. This relationship can be determined based 
on a characterization of an exemplary device type. There 
fore, measuring the forward Voltage can provide an accurate 
derivation of chip temperature. Heating of the device using 
a focused light source or Substrate diode can be done 
immediately prior to testing, thereby providing an extremely 
time efficient way to test the device under high temperature 
conditions. 

11 Claims, 6 Drawing Sheets 
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Figure 1 
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Figure 4A 
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SYSTEMAND METHOD OF HEATING UPA 
SEMCONDUCTOR DEVICE IN A 
STANDARD TEST ENVIRONMENT 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to the efficient heating of a 

device under test (DUT) without heating its environment, 
thereby allowing high temperature testing of the DUT in a 
conventional test handler. 

2. Related Art 
In a conventional semiconductor device, a package is 

formed around a chip. This package protects the chip and 
provides electrical leads, called pins, which can connect to 
bonding pads of the chip. During Subsequent system inte 
gration, these pins can then be connected to portions of a 
printed circuit board. 
The goal of semiconductor fabrication and packaging is to 

provide a device that can perform to specific parameters. 
Therefore, to ensure that a semiconductor device can operate 
properly before being integrated into a system, the semi 
conductor device is typically tested to verify its electrical 
and functional properties. A computer-controlled tester and 
a handler, typically performs these tests. 

Specifications for many semiconductor devices can also 
include maximum operating temperatures. Unfortunately, 
high temperature testing currently requires an expensive 
isolation chamber within a handler where the semiconductor 
device can be heated, maintained at that temperature, and 
then tested. Typically, the heat transfer can be achieved by 
using a heating element in or forcing heated airflow through 
the isolation chamber. To ensure accurate testing, the tem 
perature in the isolation chamber can be maintained at (or 
slightly above) a predetermined temperature. This high 
temperature isolation chamber is in addition to the handler, 
thereby significantly increasing testing costs. 

To ensure a high temperature environment for the semi 
conductor device, certain components of the handler must 
also be placed inside the isolation chamber. Such compo 
nents include the tracks for moving the semiconductor 
devices between staging trays as well as a clamping mecha 
nism that secures and makes electrical contact with the leads 
of the semiconductor devices during testing. Because Such 
components are placed in the same hostile environment as 
the semiconductor device, these components are more prone 
to failure, thereby further increasing the testing costs. 

For these reasons, high temperature testing is generally 
not performed during the commercial production of standard 
semiconductor devices. In these cases, such devices are not 
guaranteed to pass temperature testing, although based on 
the particular fabrication and packaging processes used, 
most standard devices typically do pass. Semiconductor 
devices that have guaranteed specifications regarding tem 
perature testing, e.g. thermometer chips or over-temperature 
sensors, are usually sold at a significantly higher price to 
offset the cost of the temperature testing. 

However, increasingly more applications for semiconduc 
tor devices in, for example, laptops, notepads, etc. must 
withstand considerable heat for longer periods of time, 
thereby necessitating high temperature testing of such semi 
conductor devices. Therefore, a need arises for a high 
temperature testing technique that can be used with current 
non-temperature regulated test equipment. 

SUMMARY OF THE INVENTION 

High temperature testing of semiconductor devices cur 
rently requires an expensive isolation chamber where the 
devices can be slowly brought to the desired temperature. 
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2 
This technique is time consuming, which undesirably 
increases testing cost. Moreover, any test equipment com 
ponents inside the isolation chamber are more prone to 
failure because of their exposure to the high temperatures. 

Therefore, in accordance with a feature of the invention, 
methods of efficiently and accurately heating a semiconduc 
tor device in a standard (i.e. room temperature) handler are 
provided. In one embodiment, a light Source can be focused 
on the device to heat its chip. This light source could be, for 
example, an infrared light source. The power associated with 
the radiation of the light source is converted into heat, 
thereby creating a localized heating of the semiconductor 
device without heating any adjacent components. At this 
point, the semiconductor device can be heated to a prede 
termined temperature for testing. 

In another embodiment, a Substrate diode in the semicon 
ductor device can be forward biased with a small current to 
develop a voltage between the cathode and anode. Advan 
tageously, the forward Voltage of the Substrate diode has a 
direct relationship with chip temperature. This relationship 
can be determined based on a characterization of an exem 
plary device type in an isolated temperature chamber. There 
fore, measuring the forward Voltage can provide an accurate 
derivation of chip temperature. 

In this embodiment, to provide the forward bias, a rela 
tively large current can be applied to the anode of the 
Substrate diode. That current quickly heats the device past a 
predetermined temperature. Then, the large current can be 
replaced with a second nominal current to maintain the 
forward bias. In this state, a forward voltage of the substrate 
diode can be monitored until the predetermined temperature 
is reached. At this point, the device can be tested at the 
predetermined temperature. In one embodiment, heating of 
the device, whether using a focused light source or Substrate 
diode, can be done immediately prior to testing, thereby 
providing an extremely time efficient way to test the device 
under high temperature conditions. 

In one embodiment, monitoring the forward Voltage of the 
Substrate diode includes receiving a characterization that 
correlates the predetermined forward voltage to the prede 
termined temperature. This characterization can be per 
formed on an exemplary device the same type as the 
semiconductor device to be tested in handler. Thus, this 
characterization need only be done once for that type of 
semiconductor device. 

A system for testing a device under high temperature 
conditions is also provided. The system can include a room 
temperature handler and a tester. In one embodiment, the 
room temperature handler can include a clamping mecha 
nism as well as means for transporting the device to and 
from the clamping mechanism and the tester can include the 
means for generating the high temperature conditions with 
Substrate diodes, wherein the high temperature conditions 
are advantageously localized to the device and not to other 
handler components, e.g. the clamping mechanism and the 
means for transporting. In one embodiment, the means for 
generating the high temperature conditions can include 
computer code to drive the tester resources to forward bias 
a substrate diode in the device. In this technique, the tester 
software, rather than the handler hardware needs to be 
modified. 

The software, which is computer-readable, can include 
code for providing a forward bias to a substrate diode in the 
heated device using a nominal current, code for monitoring 
a forward voltage of the substrate diode until a predeter 
mined forward 
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Voltage is reached, and code for testing the device at the 
predetermined Voltage, wherein the predetermined Voltage 
indicates a desired temperature for testing. In one embodi 
ment, the code for monitoring the forward Voltage includes 
code for receiving a characterization data that correlates the 
predetermined forward voltage to the predetermined tem 
perature. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 illustrates one technique for heating a semicon 
ductor device in a localized manner. This technique includes 
a light-emitting source having a short wavelength that can 
focus its light beam onto the Small Surface of the semicon 
ductor device, thereby heating the semiconductor device, but 
not its environment. 

FIG. 2 illustrates a standard cross section of a PMOS 
transistor formed in a silicon substrate. The substrate diode, 
which is currently considered an undesirable byproduct of 
transistor formation, can be advantageously used in one 
embodiment of the invention to generate localized heating 
conditions in the semiconductor device. 

FIG. 3 illustrates a process in which a semiconductor 
device can be self-heated during test. 

FIG. 4A illustrates an exemplary semiconductor device 
that includes a substrate diode coupled to a relatively small 
current Source, thereby creating a forward bias Voltage. 

FIG. 4B illustrates an exemplary device under test (DUT) 
that includes a Substrate diode coupled to a relatively large 
current source, thereby heating the DUT. 

FIG. 4C illustrates an exemplary configuration of a DUT 
during normal test conditions. Note that the substrate diode 
is now reverse biased. 

FIG. 5 illustrates an exemplary forward voltage versus 
temperature characterization. 

FIG. 6A illustrates an exemplary curve that indicates a 
typical relationship between temperature of the DUT and 
time during self-heating. 

FIG. 6B illustrates an exemplary curve that indicates a 
typical relationship between forward voltage Vf and time 
after self-heating. 

FIG. 7A illustrates an exemplary curve that indicates a 
typical relationship between temperature of the DUT and 
time during monitoring. 

FIG. 7B illustrates an exemplary curve that indicates a 
typical relationship between the forward voltage Vf and time 
during monitoring when heating with focused light source. 

FIG. 8 illustrates an exemplary graph showing tempera 
ture versus time for one DUT during a heat cycle and 
Subsequent cool (i.e. monitoring) cycle. 

DETAILED DESCRIPTION OF THE FIGURES 

In accordance with one feature of the invention, a semi 
conductor device can be temperature tested without use of 
an isolation chamber, thereby eliminating the equipment 
expense as well as the long time period associated with 
heating up the chamber and the device. In one embodiment, 
applying a narrowly focused high intensity light to the 
semiconductor device provides an extremely effective gen 
eration of heat that is localized to the semiconductor device. 
In another embodiment, a substrate diode of the semicon 
ductor device can be forward biased using a relatively large 
current, thereby heating up the device in a very short time 
period. 
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4 
HIGH INTENSITY LIGHT SOURCE 

EMBODIMENT 

In accordance with one embodiment of the invention 
shown in FIG. 1, an infrared lamp 101 (or any light-emitting 
Source having a short wavelength) can focus its beam 102 
onto the surface of a semiconductor device 103. This light 
energy can be converted to heat energy on the Surface of 
semiconductor device 103. For example, a Model 4150, 
SpotlRTM heat source fitted with a focusing cone, provided 
by Research, Inc., can direct its infrared energy onto a small, 
circular spot approximately 0.25 inches in diameter. This 
model can quickly heat a target up to 800° F within 9 
seconds of a cold start. 
By varying the energy of the light source, semiconductor 

device 103 can be heated to any predetermined high tem 
perature. In one embodiment, a non-contact infrared tem 
perature sensor 106 can provide an inferred temperature of 
semiconductor device 103 based on beam 102. The energy 
of infrared lamp 101 can effectively heats the device to 180° 
F. in 2.5 seconds after the lamp is on, whereas the heat 
dissipation in semiconductor device 103 generally takes 10 
seconds after the lamp is off. However, a full test of the 
semiconductor device would generally take only few hun 
dred milliseconds. 

Therefore, this spot heating technique can be advanta 
geously added to current handlers with minimum cost yet 
provide maximum efficiency. In one embodiment, the spot 
heating source can be positioned above the portion of a track 
105 immediately preceding a clamping mechanism 104 of 
the handler. 

SELF-HEATING EMBODIMENT 

The vast majority of semiconductor devices are con 
structed on a silicon substrate that has been "doped with 
various chemicals So as to change its conductive properties. 
There are two basic types of dopants: a dopant that creates 
'n' type regions and another dopant that creates “p' type 
regions. The n type regions have an excess of electrons in the 
conduction band, whereas p type regions have an excess of 
holes (i.e. the absence of electrons in a normally occupied 
electron orbital) in the valance band of the silicon. 

FIG. 2 illustrates a standard cross section of a PMOS 
transistor 200 formed in silicon substrate 201 using doping. 
Specifically, PMOS transistor 200 includes a gate 207 and 
two p type regions 202A and 202B, which respectively form 
the source and drain of transistor 200. Regions 202A/202B 
are formed in an in type well 203, which in turn is formed in 
p type substrate 201. Regions 204 (in type) and 205 (p type) 
can be respectively coupled to a first Supply Voltage (e.g. 
VDD) and a second supply voltage (e.g. GND). 
When p and n type regions physically touch, they form a 

“pn' junction. For example, in transistor 200, pn junctions 
are formed between regions 202A/202B and well 203 
(which is integral to the functioning of transistor 200) as 
well as between substrate 201 and well 203 (which forms an 
undesirable, but unavoidable, parasitic diode). A pnjunction 
makes a rectifying diode whose forward Voltage drop at 
nominal currents is approximately 0.6 V. 

In normal operation, the large pn diode formed by Sub 
strate 201 and well 203, i.e. substrate diode 206, is usually 
reverse biased. In a reverse biased state, substrate diode 206 
has voltage potentials such that then side of the junction (i.e. 
the cathode) is at a higher potential than the p side (i.e. the 
anode), thereby allowing very little current to flow through 
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Substrate diode 206. In this manner, substrate diode 206 does 
not interfere with the normal operation of transistor 200. 

However, if the potentials across the pn junction are 
reversed so that substrate diode 206 is forward biased (i.e. 
the anode is at a higher potential than the cathode), then 
large currents can flow through the junction. In fact, the 
relationship between voltage and current in a forward biased 
diode is exponential. Moreover, of importance, the voltage 
drop across substrate diode 206 is a very strong (i.e. a 
predictable) function of temperature. 

Therefore, in accordance with one embodiment of the 
invention, substrate diode 206 can be forward biased in 
different degrees before testing. Specifically, a relatively 
large current can be applied to the anode of substrate diode 
206 to quickly heat the semiconductor device. Thereafter, a 
relatively small current can be applied to the anode to 
maintain a forward bias while the forward voltage of the 
substrate diode is being monitored. 

FIG. 3 illustrates a process 300 in which a semiconductor 
device can be self-heated during test. In step 301, an 
exemplary semiconductor device must be characterized so 
that its forward voltage (Vf) under different temperatures at 
Small currents (i.e. 100 LA) is well defined. In step 302, the 
substrate diode of a device under test (DUT) (which is the 
same type of semiconductor device as the characterized 
Semiconductor device) can be forward biased using a large 
current. This large current results in significant heat being 
generated within the DUT. 

Specifically, the large current dropping across the sub 
strate diode will start to dissipate power in the semiconduc 
tor device according to the relation P=IxVf, wherein I is the 
forced current. In one embodiment, forward voltage Vf 
additionally includes the resistive voltage drop due to para 
sitic resistances in the silicon and the other conductive 
packaging materials. The power dissipated in the DUT will 
cause the silicon chip to quickly heat up. For example, in 
small packages SOT-23, the chip temperature can reach over 
150° C. in few seconds. 

In one embodiment 302, a large relatively current at 1.5 
A can be applied to the substrate diode for a predetermined 
time to heat the DUT to a temperature higher than the 
desired temperature. This predetermined time can be found 
empirically, i.e. through experiment, or calculated by know 
ing the thermal properties of the DUT and the amount of the 
applied current. 

In step 303, the relatively large current can be replaced 
with a relatively small current, thereby maintaining the 
forward bias, but allowing the semiconductor device to cool. 
At this point, the forward voltage Vf can be monitored until 
the desired forward voltage, and thus desired temperature, is 
reached. Once the desired temperature is reached, the semi 
conductor device is ready to test in step 304. 

FIG. 4A illustrates an exemplary semiconductor device 
400 that includes a substrate diode 403 having a forward 
bias. Specifically, in this embodiment, a small current 404 
(e.g. 100 LA) can be provided to a ground pin 401. Addi 
tionally, a positive voltage supply (VDD) pin 402 can be 
coupled to ground. In this configuration, the anode of 
Substrate diode 403 has a higher potential than its cathode, 
thereby resulting in the forward bias state. At this point, 
semiconductor device 400 can be placed in an oven. Then, 
a measuring device 405 can record the voltage difference 
(i.e. the forward voltage) between ground pin 401 and power 
supply pin 402 as the temperature of the oven increases. Of 
importance, this characterization need only be done once for 
a particular type of device. In other words, different devices 
of the same type have substantially the same forward voltage 
versus temperature characterization. 

FIG. 4B illustrates an exemplary DUT 410 that is the 
same type of semiconductor device as device 400 (FIG. 4A). 
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Therefore, DUT 410 includes the same pins, e.g. ground pin 
401 and power supply pin 402, and substrate diode 403 
(which now has known characteristics). To forward bias 
substrate diode 403 in DUT 410 and simultaneously heat 
DUT 410, a large current 406 is applied to ground pin 401, 
whereas positive voltage supply (VDD) pin 402 can be 
coupled to ground. In this state, ground pin 401 will have a 
much higher potential than power supply pin 402, thereby 
creating the forward bias state and heating DUT 410. 
Once a predetermined time has elapsed to ensure that 

DUT 410 is heated above the desired temperature, large 
current 406 can be switched to a relatively small current. In 
one embodiment, the value of the small current can be the 
same amount as that used to characterize the temperature 
response of substrate diode 403 (e.g. 100 LA). Thus, DUT 
410 can be biased in a manner shown in FIG. 4A. In this 
biased state, DUT 410 will start to cool immediately. 
At this point, the forward voltage of DUT 410 can be 

monitored until the target forward voltage corresponding to 
the desired temperature is reached. Then, DUT 410 is ready 
for testing. 

During testing, the Small current (e.g. 100 LA) can be 
removed and DUT 410 can be tested using standard voltages 
and/or currents. FIG. 4C illustrates an exemplary configu 
ration of DUT 410 during test, wherein a predetermined 
input pin can receive an input signal 407 and measuring 
device 405 can measure a resulting output on another pin. 
Note that ground pin 401 and voltage supply pin 402 are 
now configured to reverse bias substrate diode 403. That is, 
ground pin 401 now has a potential lower than voltage 
Supply pin 402. 
Note that because DUT 410 is continuously cooling, the 

shorter the “normal' test time, the more accurate the tem 
perature reading. Fortunately, in many semiconductor 
devices, the time constant of the DUT cooling is signifi 
cantly longer than the normal test time. 
Note that the heat cycle and the cool cycle for each type 

of semiconductor device may vary. Additionally, these 
cycles can also be affected by mechanical components of the 
handler, such as contactor of handler. In one embodiment, 
information regarding the heat and cool cycles can be 
obtained during the characterization of the semiconductor 
device with handler. 

FIG. 5 illustrates an exemplary forward voltage versus 
temperature characterization. Specifically, in graph. 500, the 
forward voltage Vf (i.e. the voltage difference between the 
ground pin and the power supply pin) shows a linear 
relationship to the temperature. In one embodiment, for 
every increase in degree Celsius, the forward voltage Vf 
decreases by 2 mV. Of importance, the forward voltage Vf 
can be measured when the oven temperature reaches the 
desired testing temperature Temp1 at point 501. The corre 
sponding forward voltage Vf1 can be stored for subsequent 
production testing. In other words, the temperature is mea 
sured indirectly by monitoring the forward voltage of the 
Substrate diode. 

FIG. 6A illustrates an exemplary curve 601 that indicates 
a typical relationship between temperature of the DUT and 
time during self-heating. Temp1 indicates the target tem 
perature for testing, which occurs at time T1. Time T2 
indicates an exemplary predetermined time. Note that time 
T2 is merely provided to ensure that the chip temperature is 
greater than the target temperature Temp1. 

FIG. 6B illustrates an exemplary curve 602 that indicates 
a typical relationship between forward voltage Vf and time 
after self-heating. Note that the forward voltage Vf 
decreases over time until it reaches a predetermined forward 
Voltage, which is lower than the target forward voltage Vfl. 

FIG. 7A illustrates an exemplary curve 701 that indicates 
a typical relationship between temperature of the DUT and 
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time during monitoring. As noted above, the DUT is heated 
above the target temperature Temp1. Because of the expo 
nential nature of the temperature decay (i.e. the chip tem 
perature changes most quickly immediately after the large 
“heating current source is turned off), forward voltage 
measurement should be initiated soon (e.g. on the order of 
several milliseconds) after cooling begins. 

FIG. 7B illustrates an exemplary curve 702 that indicates 
a typical relationship between the forward voltage Vf and 
time during monitoring of importance, the forward Voltage 
Vf can be monitored using any standard measurement 
device (see measurement device 405 in FIG. 4A). In accor 
dance with one feature of the invention, when the forward 
voltage Vfl is detected, a temperature Temp1 (FIG. 7A) in 
the DUT is attained. 

FIG. 8 illustrates an exemplary graph 800 showing tem 
perature versus time for one DUT during a heat cycle and 
Subsequent cool (i.e. monitoring) cycle. In this embodiment, 
the peak temperature, i.e. 180 C, is the curing temperature 
for the packaging of the DUT. Note that a curing period is 
typically at least several minutes whereas the heat cycle is 
less than three seconds. In accordance with one feature of 
the invention, this short heat cycle can cause the chip of the 
DUT to heat to the peak temperature without necessarily 
heating the molding compound adjacent the chip to the same 
temperature. 

Advantageously, the substrate diode heating of the DUT 
can be implemented in Software. In other words, no addi 
tional hardware is needed in a standard handler to implement 
high temperature testing. In one embodiment, the IR spot 
heater can be used in combination with the Voltage/tempera 
ture measurement technique (specifically, steps 301 and 
303-304 in FIG. 3), thereby allowing an accurate determi 
nation of test results under high temperature conditions. 

Although illustrative embodiments of the invention have 
been described in detail herein with reference to the figures, 
it is to be understood that the invention is not limited to those 
precise embodiments. They are not intended to be exhaus 
tive or to limit the invention to the precise forms disclosed. 
As such, many modifications and variations will be appar 
ent. Accordingly, it is intended that the scope of the inven 
tion be defined by the following Claims and their equiva 
lents. 
The invention claimed is: 
1. A method of testing a device under high temperature 

conditions, the method comprising: 
providing a forward bias to a substrate diode in the device 

using a first current that heats the device past a prede 
termined temperature; 

replacing the first current with a second nominal current 
to maintain the forward bias; 

monitoring a forward voltage of the substrate diode until 
the predetermined temperature is reached; and 

testing the device at the predetermined temperature. 
2. The method of claim 1, wherein monitoring the forward 

Voltage includes correlating a predetermined forward Volt 
age with the predetermined temperature. 

3. The method of claim 2, wherein monitoring the forward 
Voltage includes receiving a characterization that correlates 
the predetermined forward voltage to the predetermined 
temperature. 

4. The method of claim 1, wherein providing a forward 
bias includes correlating a predetermined forward Voltage 
with the predetermined temperature. 

5. The method of claim 4, wherein providing a forward 
bias includes receiving a characterization that correlates the 
predetermined forward voltage to the predetermined tem 
perature. 
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6. A method of testing a device, the method comprising: 
providing a forward bias to a substrate diode in the device 

using a first current; 
monitoring a forward voltage of the substrate diode by 

using a second current until a predetermined forward 
Voltage is reached, wherein the second current is rela 
tively small compared to the first current; and 

testing the device at the predetermined Voltage, wherein 
the predetermined Voltage indicates a desired tempera 
ture for testing. 

7. A method of testing a heated device, the method 
comprising: 

providing a forward bias to a substrate diode in the heated 
device using a nominal current; 

monitoring a forward voltage of the substrate diode until 
a predetermined forward Voltage is reached; and 

testing the device at the predetermined Voltage, wherein 
the predetermined Voltage indicates a desired tempera 
ture for testing, wherein monitoring the forward volt 
age includes correlating the predetermined forward 
voltage with the predetermined temperature. 

8. The method of claim 7, wherein monitoring the forward 
Voltage includes receiving a characterization that correlates 
the predetermined forward voltage to the predetermined 
temperature. 

9. A computer-readable medium including computer Soft 
ware for testing a semiconductor device, the computer 
Software comprising: 

code for providing a forward bias to a substrate diode in 
the semiconductor device using a nominal current; 

code for cooling the semiconductor device and monitor 
ing a forward voltage of the substrate diode until a 
predetermined forward voltage is reached; and 

code for testing the device at the predetermined Voltage, 
wherein the predetermined voltage indicates a desired 
temperature for testing. 

10. A computer-readable medium including computer 
Software for testing a semiconductor device, the computer 
Software comprising: 

code for providing a forward bias to a substrate diode in 
the semiconductor device using a first current; 

code for monitoring a forward Voltage of the Substrate 
diode until a predetermined forward voltage is reached; 
and 

code for testing the semiconductor device at the prede 
termined Voltage, wherein the predetermined Voltage 
indicates a desired temperature for testing, wherein the 
code for monitoring the forward Voltage includes code 
for correlating the predetermined forward voltage with 
the predetermined temperature. 

11. A computer-readable medium including computer 
Software for testing a semiconductor device, the computer 
Software comprising: 

code for providing a forward bias to a substrate diode in 
the semiconductor device using a first current; 

code for monitoring a forward Voltage of the Substrate 
diode until a predetermined forward voltage is reached; 
and 

code for testing the semiconductor device at the prede 
termined Voltage, wherein the predetermined Voltage 
indicates a desired temperature for testing, wherein the 
code for monitoring the forward Voltage includes code 
for receiving a characterization that correlates the pre 
determined forward voltage to the predetermined tem 
perature. 


